We investigated 52 cases of de novo unbalanced translocations, consisting in a terminally deleted or inverted-duplicated deleted (inv-dup del) 46th chromosome to which the distal portion of another chromosome or its opposite end was transposed. Array CGH, whole-genome sequencing, qPCR, FISH, and trio genotyping were applied. A biparental origin of the deletion and duplication was detected in 6 cases, whereas in 46, both imbalances have the same parental origin. Moreover, the duplicated region was of maternal origin in more than half of the cases, with 25% of them showing two maternal and one paternal haplotype. In all these cases, maternal age was increased. These findings indicate that the primary driver for the occurrence of the de novo unbalanced translocations is a maternal meiotic non-disjunction, followed by partial trisomy rescue of the supernumerary chromosome present in the trisomic zygote. In contrast, asymmetric breakage of a dicentric chromosome, originated either at the meiosis or postzygotically, in which the two resulting chromosomes, one being deleted and the other one inv-dup del, are repaired by telomere capture, appears at the basis of all inv-dup del translocations. Notably, this mechanism also fits with the origin of some simple translocations in which the duplicated region was of paternal origin. In all cases, the signature at the translocation junctions was that of non-homologous end joining (NHEJ) rather than nonallelic homologous recombination (NAHR). Our data imply that there is no risk of recurrence in the following pregnancies for any of the de novo unbalanced translocations we discuss here.
Background
Unbalanced translocations leading to monosomy and trisomy for the distal parts of two different chromosomes account for about 0,1% of chromosomal imbalances detected at amniocentesis in cases mainly ascertained for advanced maternal age or ultrasound abnormalities (Chang et al. 2013) , and for about 1% in subjects with developmental delay and intellectual disability (Robberecht et al. 2013; Weckselblatt et al. 2015) . Of these, 13/18 in the prenatal sample (Chang et al. 2013) and about 1/3 in the postnatal one (Robberecht et al. 2013 ) resulted to be de novo.
Sometimes, the de novo unbalanced chromosome mimicks a recombinant from a parental pericentric inversion (Rivera et al. 2013) in which the deleted arm ends with the distal portion of the opposite arm. The frequency of this type of translocation, to which we will refer as "de novo unbalanced inversion", is unknown. A more complex category of de novo unbalanced translocations is characterized by three breakpoints, two associated with the formation of an inverted-duplicated deleted chromosome and the third with the capture of a stabilizing telomere from another chromosome. The inv-dup del chromosome derives from a mirror dicentric chromosome after its asymmetric breakage generating a simple deleted and an inverted-duplicated deleted product ). In any case, the products of the dicentric's breakage need to acquire a new telomere by telomerase-mediated telomere healing or by telomere capture from another chromosome or the opposite arm of the same chromosome (Kostiner et al. 2002; Pham et al. 2014) , generating either a complex translocation or an inversion. Again, the frequency of these rearrangements is unknown.
The occurrence of de novo unbalanced translocations has been the source of tantalizing discussions regarding their origin and any possible risk of recurrence in the following pregnancies that would suggest the opportunity for invasive prenatal diagnosis. The recent literature on the unexpected high frequency of cryptic mosaics (Campbell et al. 2014; Rios and Delgado 2015) does not permit to exclude a priori that the derivative chromosome was inherited from a healthy parent who carried an undetected mosaic rearrangement. On the other hand, the finding in some patients of unbalanced translocations in mosaic with a normal cell line (see Gijsbers et al. 2011 for a review) or with the deleted and the duplicated region of the derivative chromosome having different parental origin (cases 8 and 12 in Robberrecht et al. 2013; Eggermann et al. 1997; Sarri et al. 1997; Giorda et al. 2008; Sakazume et al. 2012 ) strongly suggests a postzygotic event.
To clarify the mechanism of origin of de novo unbalanced translocations (Robberrecht et al. 2013 ) and analyzed the breakpoint junctions in a total of 16 cases. The two studies reported equivocal results, indicating non-allelic homologous recombination between retrotransposable elements as the main mechanism in one study and non-homologous end joining or microhomology-mediated break-induced replication in the second one.
To find a more definitive answer, we analyzed 52 de novo unbalanced rearrangements, consisting of 37 simple translocations, 6 translocations mimicking an inversion, and 9 complex translocations, using a combination of array comparative genomic hybridization (aCGH), fluorescence in situ hybridization (FISH), and mate-pair whole-genome sequencing (WG-MPS). Moreover, parent of origin investigations of the unbalanced chromosomes/segments was possible in 46 of the 52 trios.
Materials and methods

Subjects
The study was approved by the Ethical Committee at the "Eugenio Medea" Scientific Institute.
We collected 52 unique de novo unbalanced chromosomal rearrangements ascertained by G-or Q-banding karyotype (28 cases, 54%), subtelomeric FISH (13 cases, 25%) or aCGH (11 cases, 21%), in subjects with developmental delay, prenatal ultrasound abnormalities (cases 12, 13, 45, and 46), or couple infertility (case 24). In all cases, the rearrangements were characterized by the simultaneous presence of at least two terminal imbalances: a deletion and a duplication, as detected by aCGH and confirmed by FISH with subtelomeric probes (Online Resource 1: Table S1 ). The genomic imbalances involved the distal portions of two different chromosomes in 45 cases (unbalanced translocations) or the opposite arm of the same chromosome in 7 cases (unbalanced inversions).
The translocations/inversions were present in all cells, except for cases 24, 25, and 37, where conventional karyotyping revealed that the imbalance was present in mosaic with a normal cell line, and in case 24 harboring a third cell line trisomic for the same chromosome that is translocated in the unbalanced cell line. In case 45, two different abnormal cell lines were detected. In non-mosaic cases, FISH with probes from both unbalanced regions was performed on the parental metaphases, demonstrating the de novo origin of the rearrangements, while parental karyotype analysis in subjects with an unbalanced inversion excluded the presence of a pericentric inversion.
Cytogenetics, microarray, and FISH investigations
Microarray analysis with Agilent kits (G4411B, G4449A, G4890A, G4447A) was performed in all cases following standard manufacturer protocols. Scanning was done by the Feature Extraction V.9.1 software and data analysis performed by CGH Analytics V.3.4.27 or Cytogenomics software V.2.15.8.1 (Agilent Technologies). DNA from cases 1-9, 12, 13, 17, 19, 22, 26, 27, 29, 30, 34 , and 36 and cases 51-52 was also studied by SNP array with Human Omni Express Exome ILLUMINA v1.2 constituted by 964,193 SNP probes and analyzed using the Illumina Genome Studio v.2011.1 software as well as Illumina CNV Partition (ver 2.3.4) and PennCNV software (version June 2011). DNA from cases 25, 37, and 45 was analyzed by CGH-SNP array (Agilent kit G4890A). The pan-telomeric peptide nucleic acid (PNA) probe (PNA FISH kit/ Cy3, Dako, Denmark), which recognizes the consensus sequence (TTA GGG )n of human pan-telomeres, was hybridized to metaphases from case 25 (fibroblasts) and 37 (lymphocytes), according to manufacturer's instructions. The whole-chromosome painting and locus-specific probes (Vysis, Abbott Park Illinois USA; Kreatech, Amsterdam NL) were hybridized to metaphases from case 24, following manufactures protocols. To better characterize the complex translocation in case 38, double-color FISH on nuclei was also performed with BAC clones, as described in Bonaglia et al. (2009) .
Parent of origin determination
We genotyped family trios in 46 subjects (Fig. 1 , Online Resource 1: Table S2 ) either by amplification with primers labeled with fluorescent probes (ABI 5-Fam, Hex and Tet) followed by analysis on a ABI 310 Genetic Analyzer (Applied Biosystems, Monza, Italy) or SNP array (Human Omni Express Exome ILLUMINA v1.2). In the remaining subjects (cases 23, 24, 33, 38, 43, and 47) , parental DNA was not available.
Sequencing translocation/inversion junctions
Breakpoint junctions sequencing could be done in the 26 subjects (Online Resource 1: Table S1 Online Resource 2: Figure S1 ), where DNA was available for quantitative PCR (qPCR), long-range PCR and mate-pair whole genome sequencing.
On the basis of the coordinates from the aCGH experiments, primer pairs for qPCR were selected within nonrepeated portions of the chromosome using the Primer Express software (Applied Biosystems, Foster City, Fig. 1 Schematic representation of the events leading to the origin of de novo unbalanced translocations. First box: Parental origin of the deletion and duplication leading to the four classes of de novo translocations (34 of class A, 6 of class B, 5 of class C, and 1 of class D) in which STS/SNPs could be investigated. (*) reported cases reanalyzed in this study; ( §) amniotic fluid; (°) chorionic villi and (✓) mosaic cases; del, dup: parental origin of the deletion and duplication (paternal blue, maternal pink; two pink squares, light and bright, indicate two different maternal haplotypes within the duplication region; ❖: UPD excluded by SNP genotyping; ⁄ : not informative. Second box: (A) Trisomy rescue Mat-MI or Mat-MII non-disjunction. The segregation of the supernumerary chromosome within the micronucleus, where shattering occurs, followed by the retrieval of its telomeric portion by a different chromosome. The final translocation may arise by postzygotic NHEJ/alt-NHEJ joining the left telomeric portion of the supernumerary chromosome to a recipient chromosome (in grey) that loses its terminal portion. Although the parental origin of the recipient chromosome might be random (maternal or paternal: M/P in the figure), in most cases, it is maternal and only a few rearrangements have a biparental origin of the deletion and the duplication. Third box: (B) Deletion-induced repair. A chromosome deletion (upper) may lead to the creation of an unstable intermediate dicentric (III) whose asymmetric breakage results into an inv-dup del and a simply deleted chromosome. Both of them may be stabilized by the telomere capture from the opposite end of the broken chromosome (1) or from another chromosome whose parental origin is random (2, 3). Notably, the inv-dup del(8p) cases (42, 43, and 44) originate at Mat-MI by NAHR and not by a previous deletion. In any case, although the parental origin of the telomere-donor chromosome should be random, in most cases it has the same origin of the recipient chromosome and only a few rearrangements have a biparental origin of the deletion and the duplication 1 3 CA, USA) and performed on an ABI PRISM 7900HT sequence detection system (Applied Biosystems 
Mate-Pair Whole Genome Sequencing
Genome-wide mate-pair sequencing was used to narrow the breakpoint regions in cases 2-5, 9, 10, 12, 22, 43, 49, 50, and 52 (Online Resource 1: Table S1 ). Mate-pair libraries were constructed using 1 µg of DNA following the instruction for a gel-free preparation of 2 kb effective insert size library (Mate-Pair Library v2, Illumina). Final libraries were quantified using Pico Green (Quant-iT, Invitrogen). Ten different indexed libraries were pooled together in a single flowcell and sequenced on a NextSeq (Illumina, San Diego, CA, USA) (2 × 75 bp). Raw sequence reads were trimmed with cutadapt (Martin 2011) to remove the adaptors. The remaining sequences passing Illumina Chastity filtering (> 0.6) were mapped to the human reference genome (GRCh37/hg19) using Burrows Wheeler Aligner (BWA). Reads not aligning uniquely were removed and discordant paired reads with unexpected orientation or alignment to different chromosomes were extracted using SVDetect (http://svdet ect. sourc eforg e.net/) and Delly (http://www.korbe l.embl.de/ softw are.html). Usually, the predicted SVs are compared with > 200 in-house mate-pair data sets to identify sample-specific SVs and exclude non-unique rearrangements, but for unbalanced translocations/inversions the estimated region detected by aCGH was also used to find the approximate breakpoint regions. By uploading the BAM files (containing all the reads, both concordant and discordant) into Integrative Genomics Viewer (IGV) (Broad Institute, Cambridge, MA, USA), we could visualize the genomic imbalances related to the unbalanced translocation/inversion using the depth of coverage of the aligned mate-pair, together with the cluster of reads that indicated the breakpoint regions. All cases were compared with at least two controls to identify potential deletions or duplications. Depending on the insert size and, in a few cases, split reads, mate-pair sequencing narrowed the breakpoint regions to 3 kb-1 bp. Mate-pair sequencing also identified genes that were truncated by the breakpoints. Sanger sequencing confirmed all breakpoints except for case 49, where further DNA was unavailable.
Fusion gene prediction
For breakpoints that interrupted coding genes oriented in the same direction, we predicted the reading frame of possible fusion genes using the ExPASy's Translation Tool (http:// web.expas y.org/trans late/) and EMBOSS Transeq (https ://www.ebi.ac.uk/Tools /st/embos s_trans eq/) for comparison. We obtained the main gene transcript sequence in the Ensembl 88 database to predict whether the reading frame was preserved following the rearrangement. We predicted the generation of novel fusion protein motifs using ScanProsite (http://prosi te.expas y.org/scanp rosit e/), as previously reported (Newman et al. 2015; Weckselblatt et al. 2015) . We evaluated any possible fusion transcripts already collected from various public resources by ChimerDB 2.0 (Kim et al. 2010) .
Results
All data generated or analyzed during this study are included in this published article and its supplementary information files.
Cytogenetic investigations
Array CGH was used to size the imbalances and define the boundaries of each deletion and duplication segment. From this, we classified the group of unbalanced translocations/ inversions into four structurally distinct subclasses (Online Resource 1: Table S1 ):
Class A: Simple unbalanced translocations (n = 37) with monosomy and trisomy of distal segments of two different chromosomes.
Class B: Inv-dup del translocations (n = 8) characterized by three breakpoints, two associated with the formation of the inv-dup del recipient chromosome and the third one with the telomeric portion of another donor chromosome (Online Resource 2: Figures S2, S3, S4, S5).
Class C: Simple unbalanced inversions (n = 6) presenting deletion and duplication of the distal parts of opposite arms of the same chromosome (Online Resource 2: Figure S6 ).
Class D: Inv-dup del unbalanced inversion (n = 1) showing an inv-dup del chromosome ending with the distal portion of the opposite arm of the same chromosome (Online Resource 2: Figure S7 ).
A normal copy region interposed between the distal deletion and the proximal duplication characterized all the invdup del recipient chromosomes (classes B and D), as clearly demonstrated by aCGH or by breakpoint sequencing analysis. Dual-color FISH analysis of case 38 (Online Resource 2: Figure S2 ) and breakpoint cloning of cases 39, 40, and 52 (Online Resource 2: Figures S3, S4 , S7) demonstrated that the duplicated region of inv-dup del was in an inverted orientation.
Chromosome mosaicism
In four subjects, three of class A (cases 24-25 and 37), and one of class B (case 45), the translocation occurred as a mosaic (Online Resource e 1: Table S1 ).
Case 24 (class A, Online Resource 2: Figure S8 ). In this infertile man, conventional karyotype in 100 blood metaphases and FISH analysis with whole-chromosome painting and locus-specific probes revealed the presence of three cell lines: a minor one with trisomy 9 (2%), a second with an unbalanced translocation t(9;14)(q11;p11) (20%) and the prevalent one with a normal karyotype (78%).
Case 25 (class A, Online Resource 2: Figure S9 ). The karyotype of this female child (case 8 in Vetro et al. 2018) , affected by severe neurodevelopmental delay, showed a simple unbalanced translocation der(2)t(2;14)(q37.2;q24.3) in 80% of peripheral blood cells and an apparently normal karyotype in the remaining ones. Array CGH and subtelomeric FISH analysis performed in both blood and fibroblasts revealed a terminal 2q deletion in 100% of the cells, while the 14q duplication was detected in about 70% of blood cells and 30% of fibroblasts. In addition, pan-telomeric sequences were present on both the der(2) and the 2q deleted chromosome in 100% of fibroblast nuclei (Online Resource 2: Figure S10 ).
Case 37 (class A, Online Resource 2: Figure S11 ). The blood karyotype of this female child, with severe neurodevelopmental delay, hypotonia, and thin corpus callosum, showed a mosaic with an unbalanced translocation der(11) t(7;11)(q33;q25) in 50% of the metaphases, confirmed by FISH investigation with subtelomeric probes. In addition, pan-telomeric sequences were present on both the normal and the der(11). Array CGH showed that the duplicated 7q region had a log2 ratio of + 0.4 for 19.5 Mb at 7q34-36.3 and of + 0.6 for 3.5 Mb at 7q33-q34. SNP array along the 7q duplicated region consistently showed that the duplication was of maternal origin, while a biparental origin was evident along the non-duplicated portion of chromosome 7 (Online Resource 1: Table S2 ).
Case 45 (class B, Online Resource 2: Figure S12 ). In the chorionic villi from the 12 weeks' gestation fetus with increased nuchal translucency and severe IUGR, a 5p-was detected in all of the 30 analyzed metaphases from the direct slide culture, whereas a 5p + was found in the cultured cell line. Array CGH demonstrated a 17.7 Mb distal 5p deletion and a 5.6 Mb 5p duplication in direct villi, characterized by two different log2 ratios of + 0.3 and + 0.6, respectively (see figure S12), whereas a homogeneous log2 ratio of 0.6 was found in the cultured cell line. The deletion and duplication were separated by a normal copy region of 750 kb. A 61.3 Mb distal duplication of chromosome 3q was revealed in both direct and cultured villi, with an average log2 ratio of + 0.3 and + 0.6, respectively. Array CGH + SNP performed in the trio showed a paternal origin of the 5p rearrangement and a maternal origin of the 3q duplication, further confirmed by microsatellite analysis (Fig. 1 , Online Resource 1: Table S2 ).
Breakpoint junctions sequencing
Improvements in resolution of translocation breakpoint intervals were obtained by qPCR and/or mate-pair whole genome sequencing in the 26 individuals with available DNA (Online Resource 1: Table S1 ). The translocation junctions were successfully cloned in 22 subjects, including 15 cases of class A (cases 2-3, 5-9, 12, 18, 22, 26-27, and 29-31), 5 cases of class B (cases 38-40, 43, and 44), 1 case of class C (case 50), and 1 case of class D (case 52) ( Table 1 , Online Resource 2: Figure S1 ). In four cases (15%), we have only been able to narrow the breakpoint regions to less than 3 kb because of the presence of GC-rich sequences, large repeats or cryptic complexity (cases 4, 10, and 28 of class A and case 51 of class C, Online Resource 1: Table S1 ).
Eight junctions (4 cases of class A, 3 cases of class B, and 1 case of class C) had 2-6 base pairs (bp) of microhomology (36%, 8/22) and four (3 cases of class A and 1 case of class B) had blunt ends (18%, 4/22) ( Table 1) . Insertions of 1-36 bp were present in 36% (8/22), of which 23% (5/22) originated from local sequences (templated insertions) (cases 3, 9, 18, 30, and 52, Online Resource 2: Figure  S1 ). Notably, three templated local insertions were in direct orientation (cases 3, 9, and 30 Online Resource 2: Figure  S1 ) and two were in inverted orientation with respect to the reference genome (case 18 and 52 Online Resource 2: Figure S1 ). The 36 bp templated insertion in case 8 (Online Resource 2: Figure S1 ) was identical to two mitochondrial piRNA sequences (piR-34804, piR-31490) , similarly to what has been reported in balanced translocations (Willett-Brozick et al. 2001) , and to two sequences from chromosome 1. Finally, homologies of 885 bp and 1.7 kb with 93-94% sequence identity at both sides of the junction were present in 9% (cases 2 and 38: 2/22) (Online Resource 2: Figure  S13 ). In case 2, the formation of the der(13)t(3;13) occurs at the edge of a 885 bp homology with 95% identity, spanning an L1HS retrotransposon on chromosome 13 and LIPA3 on chromosome 3. The L1HS contained an AluYg6 element, which is distributed along different chromosomes, including chromosome 13 (Styles and Brookfield 2007) . In case 38, the translocation junction lies within LIPA2 on chromosome X and LIPA4 on chromosome 5, sharing a 94% identity for 1.7 kb (Online Resource 2: Figure S13 ). Alu-Alu recombination was predicted for 2 (9%) of the cases: in case 18 (class A), the breakpoints occurred between AluSx3 and AluY repeats sharing 82% identity, showing 5 bp templated inverted insertion; in case 40 (class B), the breakpoints occurred between two AluSx sharing 83% identity with a 4 bp michromology (Online Resource 1: Table S1 ).
Disrupted and fused genes at translocation junctions
Disrupted genes were present in about 58% of the rearrangements in every of the four classes, as detected by breakpoint cloning (19 cases) or aCGH breakpoint intervals (11 cases) (Online Resource 1: Table S1 ). In 22 cases (42%), no gene was disrupted at either chromosome breakpoints, while in 6 cases (11%), long non-coding RNAs (lncRNA) were disrupted: at both breakpoints in case 47, at the deleted chromosome in cases 11 and 43, and at the duplicated one in cases 10, 30, and 40 (Online Resource 1: Table S1 ).
Twenty-two cases carried a gene disruption at one breakpoint only, including three independent (cases 7, 9, and 26) truncations of MYO16 (MIM: 615479) at 13q13.33, although scattered along the entire gene (Online Resource 1: Table S1 ). In two out of the eight cases, where the gene was disrupted at both breakpoints, an out-of-frame fusion transcript was created (cases 22 and 27, Online Resource 1: Table S1 ; Online Resource 2: Figures S13, S14) . In case 22, the translocation between chromosomes 8 and 9 joins CSMD1 exon 1 (MIM: 608397) and GLIS3 exons 5-10 (MIM: 610192). The resulting CSMD1-GLIS3 fusion protein apparently does not contain any predicted functional domain, as assessed by ExPASy's Translation Tool, EMBOSS Transeq, ScanProsite and ChimerDB 2.0 (Online Resource 2: Figure S14 ) (Kim et al. 2010) .
In case 27, the translocation between chromosomes 1 and 3 joins AKT3 exons 12-13 (MIM: 611223) to ATP13A3 exon 31 (MIM: 610232). The resulting AKT3-ATP13A3 fusion protein maintains the ATP13A3-specific E1-E2 ATPases phosphorylation site in position 498-504, while it has lost the AGC-kinase C-terminal domain of AKT3. On the other hand, consecutive phosphothreonine and N-myristoylation sites are juxtaposed at position 1171-1173 and 1174-1179, respectively, with possible gain-of-function effects (Online Resource 2: Figure S15 ). However, RNA for this case was not available, so we could not confirm the presence of the fusion transcript.
Parental origin analysis
We investigated the parental origin of both deletions and duplications in 46 subjects and determined the origin of both imbalances in 35 of them (74%) and of one imbalance only (deletion or duplication) in 11 (26%) ( Fig. 1 ; Online Resource 1: Table S2 ).
Among the 35 fully informative cases, 19 (54%) were of maternal origin, 10 (29%) of paternal origin, and 6 (17%) showed a biparental origin (paternal deletion/maternal duplication or vice versa). The 11 partly informative cases included 5 cases (11%) of maternal and 7 (15%) of paternal origin: in 4 cases only the deleted segment was informative (maternal in cases 7, 14, and 35 and paternal in case 41), while in 8, only the duplicated segment was informative (paternal in cases 16, 20, 21, and 36 and maternal in cases 32, 51, and 37). (Fig. 1) .
Among simple unbalanced translocations (class A), the origin of the duplicated segment was maternal in 20 out 37 cases (54%) (cases 1-2, 4-6, 9-13, 15, 17, 19, 22, 26, 28, 30, 32, 34, and 37) . In eight of these, the duplication region showed consistently three alleles, with two maternal and one paternal allele (cases 1, 2, 9, 11, 15, 19, 28, and 32) . No cases with two different paternal alleles within the duplication region were detected.
The origin of the deleted segments was maternal in 20 cases (1, 2, 4-7, 9, 11, 13-15, 17, 19, 22, 26-28, 31, 34, and 35) and paternal in eight (3, 8, 10, 12, 18, 25, 29, and 30) . In five cases (cases 10, 12, 27, 30, and 31), the duplication and the deletion were of biparental origin (Fig. 1 , Online Resource 1: Table S2 ).
Four out of the five simple unbalanced inversions (class C), we could analyze presented a paternal origin of both their deleted and duplicated segments (Fig. 1 , Online Resource 1: Table S2 ). In the six cases of inv-dup del translocations (class B), the rearrangement was of maternal origin in two cases (cases 42 and 44), paternal in three cases (cases 39-41), and of biparental origin in case 45, where the inv-dup del was of paternal origin and the translocated segment of maternal origin (Fig. 1 , Online Resource 1: Table S2 ). The only case of inv-dup del unbalanced inversion (class D) showed a paternal origin of all imbalances.
Discussion
Simple unbalanced translocations and inversions (classes A and C): mechanisms of origin
The straightforward result of this study is that in 20 out of 37 of the de novo unbalanced translocations, the duplication has a maternal origin (Fig. 1 , Online Resource 1: Table S2 ). Since the investigation of the parental origin was not informative or not possible in six cases (cases 7, 14, 23, 24, 33, and 35), the de novo unbalanced translocations where the duplicated region is of maternal origin represent 64,5% (20/31) of the fully informative cases. Combining these data with the finding that in eight of these cases (cases 1, 2, 9, 11, 15, 19, 28, and 32) three alleles (Fig. 1 , Online Resource 1: Table S2 ), two maternal and one paternal, were present at least in part of the duplication region, the emerging scenario is that in no less than 25% (8 out 31), the primary driver for the occurrence of de novo unbalanced translocations is a maternal meiotic non-disjunction, followed by a partial trisomy rescue of the supernumerary maternal chromosome (Fig. 1a) . The most likely explanation for the presence of three alleles within the duplicated region, two maternal and one paternal, would be non-disjunction at the maternal meiosis I (mat-MI) (Fig. 1A.I ). Alternatively, a meiotic recombination proximal to or at the translocation breakpoint must have preceded a non-disjunction in maternal meiosis II (mat-MII). In contrast, in the 12 cases (4-6, 10, 12, 13, 17, 22, 26, 30, 34, and 37) with the same maternal duplicated haplotype other mechanisms cannot be excluded (Fig. 1b) , although they could also result either from mat-MI non-disjunction (Fig. 1A.I) , after a telomeric crossing-over, according to the preferential occurrence of telomeric crossovers demonstrated for some non-disjoined chromosome (Oliver et al. 2014 ) or a maternal MII (mat-MII) non-disjunction (Fig. 1A.II) , as reported in a number of cases of trisomy rescue (reviewed in Chantot-Bastaraud et al. 2017) .
It is well known that anaphase lagging of the supernumerary chromosome followed by its trapping within a micronucleus is at the basis of many chromothripsis events (Zhang et al. 2015; Ly et al. 2017; Zhu et al. 2018) . As a consequence, in one daughter cell, the supernumerary chromosome is eliminated, while in the other one, the shattering of the micronuclear genomic material, followed by the re-embedding of all or some fragments inside the main nucleus may result in a massive reorganization of the original chromosome that either maintains most of its material although reorganized in a new order, or loses some of its portions (Fig. 1a) , which portions of the original supernumerary chromosome are lost and which are preserved could depend on stochastic events, on the proneness of the broken ends to integrate with each other or with other parts of the genome, and/or on the subsequent selection of cells that can survive and multiply in the presence of minimal segmental imbalances. In theory, centric fragments may be preserved as supernumerary marker chromosomes by their circularization with formation of ring chromosomes, thus overcoming the absence of telomeric sequence at both ends. The preservation of supernumerary interstitial acentric fragments requires the formation of a neocentromere as well or, alternatively, the capture of the fragment by another chromosome with the formation of a de novo insertional translocation. Indeed, Kato et al. (Kato et al. 2017) recently reported an instance of de novo interstitial translocation derived by chromothripsis of a supernumerary chromosome present in a trisomic zygote. Finally, the preservation of supernumerary fragments equipped with a telomere at one end requires either a telomere capture, e.g., a translocated supernumerary marker chromosome as reported in Vetro et al. (2012) (cases 2 and 3) or its capture by another chromosome, the recipient one, that loses its distal portion thus forming a 46-chromosome cell with an unbalanced de novo translocation, as described here. Indeed, case 6 with the duplication of the same maternal haplotype (Fig. 1 , Online Resource 1: Table S2 ) illustrates the occurrence of a chromothripsis event (Fig. 1a) , as shown by the presence of two noncontiguous duplicated regions separated by ~ 1.3 Mb of which the interstitial one has an inverted orientation (Online Resource 2: Figure S15 ). Chromothripsis events have been observed in a number of cases of de novo unbalanced translocations , and most of them have been reported to be of paternal origin and to involve more than two chromosomes (Marcozzi et al. 2018) . In contrast, the unbalanced translocation in our case 6 was of maternal origin and indeed de novo, in agreement with FISH investigations of parental metaphases. Moreover, at least as judged by the high-resolution (1M) aCGH and FISH investigations, it involved just two chromosomes, while a more complex rearrangement was excluded. Therefore, it is tempting to speculate that the zygote or the early embryo was trisomic for chromosome 8 because of either a meiotic or postzygotic maternal non-disjunction. The shattering of the supernumerary chromosome 8 was followed by the recovery of only two non-contiguous portions, including the telomeric one which, when already stitched back together, were acquired by the recipient 18q (Fig. 1a) .
The model of formation of the de novo unbalanced translocations, starting from a trisomic zygote, also fits with case 24, although we could not perform any supporting molecular investigation. However, the presence of a residual cell line trisomic for chromosome 9, together with a main one with a normal karyotype and a third one with the unbalanced t(14;9) translocation suggests how, starting from a trisomic zygote, various cell lines may be formed, some with the total loss of the supernumerary chromosome and others with the loss of a part of it (9p) and its residual portion (the entire 9q) captured by another chromosome. This type of three cell lines mosaic have rarely been documented (Phillips et al. 1997 ), but in prenatal diagnosis mosaics with one normal cell line and a second one with a de novo unbalanced translocation are relatively common and an increased maternal age can be detected in most of them (Kovaleva and Cotter 2017; Van Opstal et al. 2018 ).
An independent support for the hypothesis that maternal non-disjunction is a main trigger for de novo unbalanced translocations, is an increased maternal age. Indeed, in our eight cases (cases 1, 2, 9, 11, 15, 19, 28, and 32) , where the duplication was without any doubt linked to a maternal meiotic non-disjunction (two different maternal alleles within the duplication region), an increase in the average maternal age was documented (34.75 years, Online Resource 1: Table S1 ), taking into account that the mean maternal age in Italy in 2016 was of 31.8 years (ISTAT, https ://www.istat .it/). An increase (33.5 years) was also recognized in the 12 cases (cases 4, 5, 6, 10, 12, 13, 17, 22, 26, 30, 34 , and 37) with duplication of the same maternal allele, compatible with a maternal non-disjunction as an initiating event. Even in the cases, where the duplication was paternal, an increase, although much more limited, was shown in the mean maternal age (32.6 years), possibly indicating that mechanisms other than maternal non-disjunction may play a role in the formation of these unbalanced translocations. Indeed, in the four cases (3, 8, 29, and 36) analyzed by SNP array no maternal hetero-isodisomy was present in the nonduplicated portion of the homologous chromosomes (Online Resource 1: Table S2 ), as one would have expected for a trisomic zygote in which the supernumerary paternal chromosome had undergone chromothripsis with the rescue of only the telomeric portion. Thus, taking also into consideration the negligible frequency of trisomy originating from missegregation in paternal meiosis (Nagaoka et al. 2012) , the occurrence of unbalanced translocations ignited by partial trisomic rescue of a paternal-of-origin trisomic zygote appears highly unlikely. Instead other mechanisms, such as an inherited or postzygotic double-strand paternal breakage requiring to be repaired by telomere capture, seem more plausible (Fig. 1b) . Indeed, case 25 which is mosaic for two cell lines, present in blood and in fibroblasts, with a terminal 2q deletion and a derivative chromosome der(2)t(2q;14q) of paternal origin (Online Resource 2: Figure S9 ), fits with this hypothesis. Thus, in the presence of a terminal deletion, different repair mechanisms may occur at different times in different cells of the early embryo, eventually leading to a mosaic condition. In this model, the deleted chromosome initiates the translocation event, acting as the recipient one, while the duplicated is the donor, operating as injury repairing (Fig. 1b) . However, it is not possible to discern whether the deletion is actually the first event leading to the translocation or is instead secondary to the formation of a dicentric chromosome (Fig. 1BIII and IV) which, as a result of its asymmetric rupture, generates an inv-dup del chromosome and a simply deleted one, the latter being then repaired by telomere capture (Fig. 1b) . It is possible that the persistence of the dicentric beyond the first embryonic divisions results in breakage of different size in the different cells, again repaired either by telomerase or telomere capture.
Remarkably, whatever the mechanism, a high prevalence of cases, where both imbalances have the same parental origin was detected (Fig. 1 , Online Resource 1: Table S2 ), despite a biparental origin of deletion and duplication would be expected in half of the cases, according to a postzygotic final event. The demonstration of a distinct compartmentalization of the two sets of parental chromosomes in mice embryos until the 8-cell stage (Du et al. 2017 ) may provide an explanation. Since this period coincides with very high chromosomal instability, (McCoy et al. 2017) , it is tempting to speculate that a mechanism such as telomere capture, necessary for the stabilization of an earlier structural abnormality, occurs on the same parental chromosomal set of the original anomaly. In contrast, further later readjustments would be expected to occur randomly, involving chromosomes of both parental origin, which would lead to an unbalanced translocated chromosome of biparental origin as indeed we found in five cases (cases 10, 12, 27, 30, and 31; Fig. 1 , Online Resource 1: Table S2 ).
As for class C rearrangements, we did not find any peculiarity to the junction breakpoints that could clarify if their stabilization by telomere capture of the chromosomal portion opposite to the deleted one is due to a different mechanism compared to the cases in which the capture of the telomere is dependent on another chromosome. However, this analysis could be done in two cases only. The finding that in 4 out of the 5 cases both deletion and duplication were of paternal origin suggests that they derive either by an original deletion or the breakage of a dicentric chromosome.
Complex unbalanced translocations and inversions (classes B and D)
There is general agreement that these rearrangements result by an intermediate dicentric, after its asymmetric breakage leading to an inv-dup del and a simply deleted chromosome (Fig. 1B.III) . The acquirement of a stabilizing telomeric sequence may occur by a range of modalities: telomerasemediated addition of de novo TTA GGG sequences, telomere capture of the distal portion of another chromosome (Yu and Graf 2010) or of the opposite portion of the same chromosome (Buysse et al. 2009; Fan and Siu et al. 2001) , or even formation of a ring chromosome (Rossi et al. 2008) . The two translocated inv-dup del(8p) cases we could genotype (cases 42 and 44) originated, as expected (Giglio et al. 2001) , by NAHR at mat-MI, as demonstrated by the presence of two maternal and one paternal alleles in the 8p duplication region (Online Resource 1: Table S2 ). This recurrent abnormal recombination is mediated by highly identical segmental duplications located at 8p23 within a normal and an inverted chromosome 8 (Giglio et al. 2001 ). In the zygote, the resulting dicentric chromosome will likely undergo different breakage events in different cells, sometime leading to a mosaic condition with a del(8p) cell line and a second one with the inv-dup del(8p) (Hand et al. 2010) , or in exceptional cases even a third one with the inv-dup del(8p) ending with the distal region of another chromosome (Pramparo 2004) . These mosaics are more frequently detected in prenatal diagnosis, whereas in postnatal life a single cell line with the inv-dup del(8p), either translocated or not, is the most frequent finding at least in blood. In our three translocated cases (cases 42, 43, and 44), telomeres were donated by 6q, 17p, and Xq, respectively, all of maternal origin, and with the same duplication haplotype of the maternal chromosomes 6, 17, and X, as expected for a stabilization event that occurred postzygotically. In the remaining three cases (cases 39, 40, and 45), which, as all the inv-dup del rearrangements not-involving 8p, are non-recurrent, the translocated inv-dup was of paternal origin with identical paternal alleles in the duplication region, whereas telomere capture was provided by a paternal-derived chromosome in two cases (cases 39 and 49, Online Resource 2: Figures S3, S4 ) and a maternal one in the third case (case 45), a fetus in which the translocated chromosome t(inv-dup5p;3q) was in mosaic with a cell line containing a non-translocated inv-dup del(5p) (Online Resource 2: Figure S12) . Notably, the 5p duplication is of different size in the two cell lines (Online Resource 1: Table S1 ), indeed showing that the original dicentric chromosome presumably present in the zygote or in the very early embryo (Fig. 1b) , underwent different breakages in the different cells, beyond the cleavage-stage embryo.
Identical duplicated alleles have been reported bona fide in all the inv-dup del rearrangements not-involving 8p, thus indicating an intrachromosomal origin of these rearrangements (Hermetz et al. 2014) . Accordingly, these inv-dup translocated rearrangements appear to be the final result of an initial mitotic event, possibly in the early embryo (Voet 2011) , such as a double-strand break followed by intrastrand pairing at relatively close sites of inverted homologous sequences, leading to the generation of the dicentric chromosome with an interposed normal copy region (Hermetz et al. 2014; Rowe et al. 2009 ). As already mentioned, the reciprocal product of the inv-dup del, namely, a deleted chromosome, may be repaired and stabilized by the capture of the distal portion of a nonhomologous chromosome, or the opposite arm of the same chromosome, resulting in a simple unbalanced translocation or inversion, respectively, as we propose for some of the rearrangements listed in classes A and C (Fig. 1b) .
Breakpoint junctions
The sequencing of breakpoint translocation junction could be done in 26 cases (Online Resource 1: Table S1 , Online Resource 2: Figure S1 ) although in 4 cases cryptic complexity (cases 4, 10, 28, and 51) impaired a fine sequencing. Alternative non-homologous end joining (alt-NHEJ) or microhomology-mediated break-induced replication (MMBIR) features such as microhomologies and templated or non-templated small insertions were detected in 16 cases (cases 3, 5, 6, 7, 8, 9, 12, 18, 22, 27, 30, 39, 40, 44, 50 , and 52) (Online Resource 2: Figure S1 ). Remarkably, although in cases 18 and 40 the rearrangement occurred within Alu sequences, the presence of 5 bp short templated insertion and 4 bp microhomology, respectively, showed that the rearrangement did not accomplish a NAHR mediated mechanism but rather an alt-NHEJ or MMBIR. Canonical NHEJ (c-NHEJ, blunt ends junctions) occurred in four cases (cases 26, 29, 31, and 43). In cases 2 and 38, the breakpoint junctions, were at the edge of homologous retrotransposon (Online Resource 2: Figure  S13 ). This finding suggests that in a minority of cases, repair mechanisms such as telomere capture are made easier by these sequences. Although Robberecht et al. found that most of their de novo unbalanced translocations were mediated by NAHR between LINEs, HERVs, or segmental duplications (Robberecht et al. 2013) , we can exclude a NAHR event at least in case 2, where the presence of two duplicated maternal haplotypes, one translocated to the recipient chromosome, clearly indicates a mat-MI nondisjunction (Fig. 1 , Online Resource 1: Table S2 ), thus making it impossible to attribute the translocation to a meiotic event. Indeed, LINE-1-mediated retrotransposition events have been shown to occur in somatic cells of the early human embryo, in human embryonic stem cells, and at least in mice mainly in embryogenesis (for a review Kazazian and Moran 2017) , supporting that in our cases, the formation of the translocation was a postzygotic event as well.
Combined, these features indicate that repair-based mechanisms (c-NHEJ and alt-NHEJ) and replicative repair mechanisms (MMBIR) are responsible for the junction of the donor chromosome with the recipient one, or the opposite portion of the same chromosome (Fig. 1) .
Genotype-phenotype relationship
Although genotype-phenotype correlations in large unbalanced rearrangements, such as those reported in our study, are in general rather coarse, the data we report add some further details also in this context.
The strong evidence that some unbalanced translocations originate from a zygote with a supernumerary chromosome that undergoes a chromothriptic event, suggests that the duplication region, although apparently composed only of the distal region of the chromothriptic chromosome, may contain fragments from other portions, as it is the case of our case 6 and as shown by Weckselblatt et al. (2015) . In these cases, if the size of the shattered pieces is below the one detectable by array CGH, the risk is to attribute the abnormal phenotype only to the genes that appear duplicated or deleted, whereas further morbidity may be due to abnormal gene expression generated by TAD disruption (Fukami et al. 2017) .
Furthermore, in unbalanced translocations originating from partial trisomy rescue, if the chromotripsis would occur on the supernumerary chromosome of paternal origin, the following maternal hetero/isodisomy for the remaining two chromosomes might generate further pathogenicity (Niida et al. 2018) either by reducing to homozygous state diseasecausing variants present in the mother at heterozygous state, or due to the presence of imprinted genes that are expressed by the paternal allele only.
As a final consideration, it is tempting to speculate that the choice of which telomere is captured for the stabilization of the broken chromosome, may not be random but influenced by the deregulation of the original TADs (Topologically Associated Domains), in turn creating a favourable substrate for specific inter-chromosomal contacts and spatial 3D chromatin compartmentalization (Dekker and Mirny et al. 2016 ).
Conclusions
Our findings show that de novo unbalanced rearrangements has a complex history. In some of them (simple translocations) the first event is meiotic non-disjunction followed by postzygotic chromothripsis of the supernumerary chromosome with preservation of at least its distal portion. The latter is rescued by transposition to a distal region of an acceptor chromosome with simultaneous deletion of its distal part of the acceptor chromosome. Remarkably, this sequence of events parallels the one demonstrated in complex insertions (Gu et al. 2016) , indicating that the formation of an insertion instead of an unbalanced translocation depends on the absence or the presence of a telomeric region in the translocated donor segment.
The finding that in the four simple translocations in which the duplicated segment was of paternal origin (cases 3, 8, 18 , and 25) with absence of maternal hetero/isodisomy (Online Resource 1: Table S2 ), indicates that other mechanisms beside meiotic non-disjunction and partial trisomic rescue adds to the complex history of de novo unbalanced translocations. A probable hypothesis is that in these cases the first start is a mirror dicentric chromosome whose asymmetric breakage generates an inv-dup del and a simple deleted chromosome, triggering for both of them the usual mechanism of telomere capture by either repair or replicative repair. In these cases, the formation of the dicentric, with the exception of the mirror chromosome 8p23, is likely to occur in the early embryo characterized by high genome instability. We cannot even exclude that the original event was a simple deletion either repaired by telomere capture or triggering a bridge fusion breakage cycle.
Our data combined with those reported by Weckselblatt et al. (2015) , impute repair-based mechanisms as those mainly responsible for de novo non-recurrent unbalanced translocations. In contrast, those mediated by NAHR between (retro)transposable elements and especially long interspersed elements (Robberecht et al. 2013) , would play a minor role. Although replicative-based mechanisms, characterized by microhomologies and templated insertions, are detected in a number of breakpoint junctions of both complex chromosomal insertions (Gu et al. 2016 ) and non-recurrent balanced translocations (Nilsson et al. 2017 ), further investigation is still necessary to clarify any possible role of retrotransposable elements.
Whatever the mechanism, the puzzling observation is that in most cases of unbalanced translocations, both the deletion and the duplication have the same parental origin, possibly indicating that the genomic damage occurred and was repaired in the very early embryonic stages when the maternal and paternal genomes are compartmentalized as observed in mice preimplantation embryos (Du et al. 2017) and partly in humans (Wu et al. 2018) . If this hypothesis holds true, the cases with imbalances of biparental origin should reflect events of breakage-fusion-bridge cycles, where the selection of the final cell line(s) occurs later.
The final and important implication of our data is that there in no risk of recurrence in the following pregnancies for any of the de novo unbalanced translocations discussed here.
